Introduction
Glutamine synthetase [ GS; L-glutamate ammonia ligase ( ADP-forming ); E.C. 6.3.1.21 is the primary ammonia-detoxifying system in liver of uricotelic vertebrates and is therefore analogous in function to the combined actions of carbamyl phosphate synthetase-I (CPS-I) and ornithine transcarbamylase (OTC) in liver of ureotelic vertebrates (Campbell 199 1) . GS may also function as a means of ammonia detoxication in mammalian liver, but this is more as a "fail-safe" mechanism (Htiussinger and Gerok 1986), because its expression in mammalian liver is restricted to only a few cells surrounding the terminal venules (Gebhardt and Mecke 1983; Gebhardt et al. 1988 ), which do not express CPS-I (de Groot et al. 1987; Moorman et al. 1988 ). In keeping with its primary physiological function in ammonia detoxication, GS is expressed in all avian hepatocytes. CPS-I has been "silenced" in the avian line, so it is also not expressed in these cells (Smith and Campbell 1988 ) . At the subcellular level, GS is localized within the cytosolic compartment in mammalian liver (Wu 1963) whereas it is localized in the mitochondrial matrix in avian liver Campbell 1972, 1977) . Since the latter is the main site of ammonia release during amino acid gluconeogenesis (Campbell 199 1) ) translocation of GS into the mitochondrial matrix during tetrapod evolution allowed it to function efficiently as the primary hepatic ammonia-detoxifying system .
Most mitochondiral matrix proteins are encoded in the nucleus and are translated in the cytosol as larger precursor peptides containing an N-terminal targeting signal that is cleaved during import (Attardi and Schatz 1988; Grivell 1988; Pfanner and Neupert 1990) . However, this is not true for either chicken or alligator liver GS, suggesting that these enzymes may contain internal targeting signals. While internal targeting signals are common for inner-membrane proteins (Grivell 1988; Zara et al. 199 1)) they are rare for matrix proteins. Internal signals nevertheless appear to be utilized by at least three other matrix enzymes; these are adenylate kinase (Watanabe and Kubo 1982) , mediumchain acylCoA dehydrogenase (Kelly et al. 1987 ) , and 3-ketoacyl-CoA thiolase (Mori et al. 1985 ) . The targeting information for the latter has been shown to reside at the N-terminus of the mature protein (Amaya et al. 1988; Arakawa et al. 1990 ). The present study was therefore directed toward identifying the putative mitochondrial targeting signal in avian liver GS, in order to understand what evolutionary events may have led to the differential compartment of the enzyme in mammalian and avian liver.
Material and Methods Material
Restriction enzymes, avian myeloblastosis virus ( AMV) reverse-transcriptas and 7'uq polymerase sequencing reagents, the transcription system, and other reagents were obtained from Bethesda Research Laboratories, Pharmacia, United State Biochemical, Stratagene, or Promega. The translation system was as described elsewhere Total RNA was prepared from chicken brain and liver tissue that had been snapfrozen in liquid nitrogen by using guanidine thiocyanate extraction and cesium chloride gradient centrifugation (Chirgwin et al. 1979 ). This was followed by oligo-dT chro-matography for poly (A)+ mRNA isolation (Aviv and Leder 1972) . The isolated poly (A)+ mRNA was further fractionated on sucrose gradients (Williamson et al. 197 1) . Fractions enriched in GS mRNA were identified by dot-blotting (Thomas 1980 ) using the bovine retinal GS clone pGS1 (Smith and Campbell 1988) . The mRNA in these fractions was precipitated with ethanol. A cDNA library was synthesized from 2 ug of the enriched mRNA by using AMV reverse transcriptase and RNAase H (Gubler and Hoffman 1983; Haymerle et al. 1986 ). BamHI blunt-end adaptors were ligated to the resulting cDNA. This was then inserted into the BumHI site of Bluescribe, which contains T7 and T3 RNA promoter sites. Escherichia coli JM109 was transformed and plated (Hanahan 1983) . Transformed colonies were screened using the pGS 1 probe [ 32P] -labeled by random priming (Feinberg and Vogelstein 1983 ) .
Nucleic Acid Sequencing Double-stranded sequencing (Chen and Seeburg 1985 ) of isolated clones utilized primers to the T7 and T3 regions of Bluescribe and either a Sequenase or a Klenow fragment ( DNA polymerase I). Restriction-endonuclease fragments were subcloned into Bluescribe, for double-stranded sequencing, or into M 13-mp9, for single-stranded dideoxy sequencing. Wedge gradient gels were used for electrophoresis. Primers derived from sequence data were used to extend sequence information for some clones or to confirm the sequence by using the complementary strand.
Direct mRNA sequencing was with primers based on the main cDNA clone (pCGS11; see below), and this sequence information was used to walk the sequence toward the 5' end (Geliebter et al. 1986 ). Twenty micrograms of poly (A)+ mRNA from brain or liver was annealed with 5 ng 32P 5' end-labeled 20-mer primers at 42°C for 2 h in 10 mM Tris chloride pH 8.3,225 mM potassium chloride. This was followed by sequencing using AMV reverse transcriptase for primer extension analysis (Williams and Mason 1985 ) . Sequence data from direct mRNA sequencing were used to generate 20-mer primers to permit polymerase chain reaction (PCR) amplification of the 5' end of GS mRNA by using Taq DNA polymerase (Saiki et al. 1988 ) . Portions of this reaction mixture were used for asymmetric single-stranded DNA production by the PCR for sequencing (Gibbs et al. 1989 ).
Northern and Southern Blotting
Glyoxylated mRNA was separated on 1% agarose gels and then was transferred, either by capillarity to nitrocellulose (Thomas 1980) or by electroblotting to Genescreen (Stellway and Dahlberg 1980) . Hybridization was with either random-primed intact pCGS 11 plasmid or the purified insert. Genomic DNA ( lo-20 pg) (Blin and Stafford 1976; Bowtell 1987) was digested with various restriction enzymes, was electrophoresed in 1% agarose gels, and was transferred to nitrocellulose (Southern 1975) . pCGSl1 was randomly primed with [ 32P]dATP ( l-5 X lo8 cpm/pg) and used as the probe. Autoradiography was with an intensifying screen.
Construction of Full-Length GS Coding Plasmid pCGS 11 was cut with BumHI, and this was followed by purification of the largest fragment, which contained most of the coding region and a portion of the 3' noncoding region ( fig. 1) . cDNA to the N-terminal GS mRNA coding region was synthesized as described above, by using both a primer to the 5 ' noncoding region and one overlapping the 5'-most BumHI site ( fig. 1 ) , and was amplified by the PCR. The PCR product resulted from 30 cycles of the following sequence: 2 min at 42°C (annealing), 2 min polymerization using Tuq polymerase at 72°C and 1 min denaturation at 94°C. A final polymerization at 72°C was for 15 min. The PCR product was cut with BumHI and was purified by agarose gel electrophoresis. The BamHI blunt-ended PCR product was ligated onto the large BumHI fragment of pCGS 11. The construct (designated "pCGS 11 N") was purified by phenol extraction and ethanol precipitation. Unligated ends were polished with T4 DNA polymerase prior to ligation into BumHI-cut Bluescribe. The resulting plasmid was inserted into E. coli JM 109. Clones were characterized by restriction digestion and sequencing, to verify the construct.
Transcription of pCGS 11 N Construct and Translation of mRNA
The plasmid containing the full-length construct was linearized with EcoRI, which cuts 3' of the insert in the Bluescribe polylinker region and 5' in the noncoding region. The linearized plasmid was then transcribed with T3 RNA polymerase with or without the capping analogue m7GpppG (Contreras et al. 1982 ) . The reaction conditions were 40 mM Tris hydrochloride pH 7.9; 6 mM magnesium chloride; 2 mM each of ATP, GTP, CTP, and UTP; 40 units of T3 polymerase, and various amounts of plasmid. When added, m7GpppG was 5 mM. Incubation was at 37°C for 1 h. The resulting mRNA was purified using phenol-chloroform extraction and ethanol precipitation.
pCGS11N mRNA was translated in vitro by using a rabbit reticulocyte system . mRNA levels were titrated from 10 ng to 4 l.tg, per each 10 pl of reaction mixture. After translation, nascent peptides were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 10% gels, before and after immunoprecipitation with rabbit anti-chicken liver GS y-globulin ). Gels were fluorographed using an enhancer and Kodak X-Omat film. 
Results and Discussion

Glutamine Synthetase cDNA Clone Isolation
The library created from chicken liver poly (A)+ RNA enriched for GS mRNA was screened with pGS 1, a bovine retinal GS cDNA containing the carboxyl one-third of the coding region (Smith and Campbell 1988) , as described in the Material and Methods section. From a screen of 60,000 clones, two were isolated that continued to hybridize with pGS1 after tertiary screening. One clone of 1,200 bp, designated "pCGS3," contained 400 bp of sequence similar to mammalian GS sequences, but the remaining 5' sequence was unrelated to any known GS sequences. This clone was judged to be either a cloning artifact or a processing intermediate and was not further characterized. A second clone, designated "pCGS11," contained 1,622 bp. On sequencing, this clone was found to contain -85% of the protein coding sequence, with the remainder made up of 3' flanking noncoding sequence (see below). It was therefore used to determine tissue expression of chicken GS mRNA, for Southern blotting of genomic DNA, and to obtain additional sequence data.
Northern and Southern Blotting
Northern blot analysis of chicken liver, brain, breast muscle, pancreas, spleen, and kidney ( fig. 2 ; kidney is not shown) demonstrated high levels of GS expression in liver and brain, with little or no detectable expression in the other tissues. As shown previously, the major hybridization signal for most vertebrate GS mRNAs corresponds to -3.2 kb (Sanders and Wilson 1984; Smith and Campbell 1988; Pu and Young 1989) . A signal corresponding to approximately one-half this size may also be obtained (Sanders and Wilson 1984) ) possibly because of the use of alternative polyadenylation sites (Hayward et al. 1986 ).
Patejunas and Young ( 1987) first proposed that avian GS is coded by a single gene. This has now been isolated and characterized (Pu and Young 1989) . We also found that Southern blot analysis of chicken genomic DNA after restriction with EcoRI, BarnHI, HindIII, and PstI gave a pattern indicative of a single gene (data not shown). A similar pattern has been found with elasmobranch genomic DNA (Campbell and Anderson 199 1 ), suggesting that all vertebrate GSs are encoded in a single gene.
Nucleotide Sequence of Chicken Liver Mitochondrial Glutamine Synthetase cDNA
The nucleotide sequence for chicken liver GS cDNA derived from the various approaches is shown in figure 3 . The nucleotide shown at position 225 is a T in pCGS11 but is a C in the mRNA derived by PCR amplification. This does not effect the coding sequence and may possibly reflect individual differences. The nucleotide sequence found for chicken liver GS cDNA differs in only minor ways from that for chicken retinal cDNA reported by Pu and Young ( 1989 ) . The nucleotides at positions 4 and 19 (G and T, respectively) are equivocal in our sequence data (C's in Pu and Young's sequence). The sequence at position 1443-1444 in the 3' noncoding region is unequivocal in our data, whereas Pu and Young report two additional T's between the two positions. Again, these differences do not affect the coding sequence.
Expression of pCGS11B in E. coli
As shown in figure 4 , the expression of the full-length GS cDNA construct resulted in a protein the same size as that of the authentic chicken liver GS subunit ( -42 Pu and Young ( 1989) and present study; human, Gibbs et al. ( 1987) ; rat (Rattus norvegicus), van de Zande et al. ( 1990) ; hamster (Cricetulus griseus), Hayward et al. ( 1986) ; and mouse (Mus musculus), Bhandari et al. ( 1991) . sequence similarity. In fact, mitochondrial malate dehydrogenase shows more sequence similarity with the Escherichia coli enzyme than with its cytosolic counterpart (Joh et al. 1987 ) . In contrast, the compartmental isozymes of GS in higher vertebrates are highly conserved. The sequence similarity between chicken and human GS is 90%; that between chicken and hamster GS is 88%; and that between chicken and mouse 796 Campbell and Smith and rat is 87%. Of the differences between the chicken and human enzymes, only 8% of the replacements are "radical" in that they result in marked differences in local functionality.
As indicated above, all vertebrate GSs appear to be coded for a single gene despite being compartmental isozymes. However, in Drosophila melanogaster, the mitochondrial and cytosolic isozymes of GS are coded by separate genes (Caizzi et al. 1990 ). It has been suggested that these two insect GS genes diverged about the same time as did the invertebrates and the vertebrates (Pesole et al. 1991) . Drosophila cytosolic GS sequence is more similar to that of the rat (62%; Pesole et al. 199 1) and chicken (5 1%; present data) than is the sequence of the mitochondrial enzyme (46% and 43%, respectively), and Pesole et al. ( 1991) therefore suggest that the cytosolic Drosophila GS gene shared a common ancestor with the vertebrate gene. Drosophila mitochondrial cDNA encodes a larger peptide than does the cytosolic cDNA (Caizzi et al. 1990 )) presumably because of the presence of a mitochondrial targeting presequence. The mitochondrial isozyme of GS is also translated as a larger-MT precursor in certain chondrichthyian fish tissues Campbell and Anderson 199 1) . Thus, were an invertebrate gene similar to that coding for the Drosophila cytosolic isozyme to have been ancestral to the vertebrate gene, coding information for a mitochondrial targeting signal would have had to have been acquired early in the vertebrate lineage, on the basis of the presence of such a signal in extant chondrichthyians. The N-terminus of Drosophila mitochondrial GS translation product contains an additional 35 amino acids compared with Drosophila cytosolic GS (Caizzi et al. 1990 ). However, on the basis of the common motifs described by Gavel and von Heijne ( 1990) , there are no potential cleavage sites in this extension. Secondarystructure predictions indicate that no more than the first 20 amino acids are in a helical configuration, and, while this region contains three basic amino acids (Arg4, Lys, , , and LyQ, it also contains an acidic amino acid ( G~u,~) and is not enriched in hydroxy amino acids, especially Ser (von Heijne et al. 1989 ; see below). Thus, if this region contains a targeting signal, it is an unorthodox one.
Identification of Putative Targeting Signal in Chicken GS
As can be seen in figure 5 , the 20 N-terminal amino acids in vertebrate GS are the most variable: among the five species, there are a total of 12 replacements in this region, which is more than for any other run of 20 amino acids elsewhere in the molecule. Because the internal mitochondrial targeting signals of several other "leaderless" mitochondrial enzymes have been localized to the N-terminus, the hypothesis is that the main information for targeting of chicken liver GS to the mitochondrial matrix resides in its first 20 amino acids. Specific amino acid replacements in this region of the cytosolic enzymes during divergence of the mammalian and avian lines may therefore have served to convert it from a nontargeting sequence to a targeting sequence.
There is no consensus sequence for targeting to mitochondria, but transient, Nterminal targeting presequences do share certain common properties. These include high basic and hydroxy amino acid contents, the general absence of acidic amino acids, and, most important, the ability to form amphipathic helices (Lemire et al. 1989; von Heijne et al. 1989) . Although a considerable amount is known about targeting proteins to the mitochondrial matrix via such N-terminal presequences, far less is known about targeting to this compartment via internal signals, such as occurs with chicken liver GS (Grivell 1988; Pfanner and Neupert 1990 ). For the three or so other enzymes in this category, experimental evidence for a functional internal sequence is available for only one, 3-ketoacyl-coA thiolase. The mature thiolase has been shown to inhibit import of a protein containing a presequence (preOTC; Mori et al. 1985) , indicating competition for a common receptor (Steger et al. 1990) . The N-terminal 14-16 amino acids of the thiolase have also been shown to target a passenger protein (i.e., OTC) to mitochondria ( Arakawa et al. 1990 ), thereby localizing the signal to this region. At least two inner membrane proteins-the subunit of cytochrome c oxidase (Duhl et al. 1990 ) and the uncoupling protein (Liu et al. 1988 )-have also been shown to have internal targeting signals at the N-terminus. Mutations at the N-terminus of proteins whose targeting presequences have been genetically deleted may restore import (Vassarotti et al. 1987) ) and redundant targeting information may also be present in this region (Bedwell et al. 1987) . These observations therefore support the N-terminal localization of the targeting sequence for chicken liver GS. However, targeting information could also be present in other regions of the molecule. This has, for example, been shown for the inner membrane ADP-ATP translocator (Smagula and Douglas 1988) and apocytochrome c (Nye and Scarpulla 1990) . With respect to chicken GS, there are some radical substitutions at the C-terminus, including a Glyfor-Arg replacement at position 34 1 and a Glu-for-Gln at position 370 ( fig. 5 ) .
One of the most characteristic properties of mitochondrial targeting N-terminal presequences is their ability to form amphipathic helices (Lemire et al. 1989; von Heijne et al. 1989) . As shown in figure 6, secondary-structure predictions based both on the algorithm of Chou and Fasman and on that of Robson and Garnier show a core helical structure at the N-terminus of chicken liver GS. Only the Robson-Gamier algorithm predicts helical structure in this region of the cytosolic human GS, the GS most similar to the chicken enzyme. Helical wheel projections of the amino acids involved have been routinely used to predict amphipathic helices (Schiffer and Edmundson 1967; Segrest et al. 1990) , and, as shown in figure 7B , such a projection of the first 20 amino acids of chicken liver GS demonstrates amphipathic structure. A less "complete" amphipathic structure is shown with mammalian cytosolic GSs, as illustrated in figure 7A with the human enzyme. The hydrophobic moment/residue for the first 20 amino acids of all vertebrate GSs, with the exception of Chinese hamster GS, is -0.3 (range 0.297-0.308), which is near the mean for several types of amphipathic helices (Parker and Song 1990; Segrest et al. 1990 ). The value for Chinese hamster GS is 0.09. The N-terminal sequence of Drosophila mitochondrial GS has a hydrophobic moment/residue of 0.11, which again indicates that this would be an unorthodox targeting signal. Helical wheel projections of the 20 or so N-terminal amino acids of medium-chain acyl-coA dehydrogenase (Kelly et al. 1987) and of mitochondrial, but not cytosolic, adenylate kinase [J. W. Campbell, unpublished data from Schulz et al. ( 1986) ] show that they also can be predicted to form amphipathic helices. However, unlike the putative N-terminal targeting signal of chicken GS, the N-termini of these two proteins do not contain an excess of hydroxy amino acids. None of the proteins targeted to the matrix via internal signals contain acidic amino acids in their N-termini.
Role of Specific Amino Acid Replacements in Chicken GS
The replacement of HisI and Lyslg at the N-terminus of the chicken GS serves to increase and expand the hydrophilicity on one side of the predicted helix ( fig. 7B ). Of the amino acids occurring at position 19 in the cytosolic mammalian enzymes, Ser, the most hydrophilic, still has only one-half the hydrophilicity value of Lys (Eisenberg et al. 1984) . The substitution of HisIs does not increase the hydrophilicity, but it does provide for an additional positive charge that may serve to increase the interaction between the N-terminus and the negatively charged cardiolipins and other phospholipids in the inner membrane (Endo et al. 1989; Tamm and Bartoldus 1990) ) which results in the eventual translocation due to Aw (Martin et al. 199 1) . A key role for His in mitochondrial targeting signals has been demonstrated with aspartate aminotransferase in which the replacement of His5 by Gly abolishes its import (Nishi et al, 1989) . The replacement of HisI and Lyslg in chicken GS could have occurred via third-base substitutions in genes coding one or the other of the mammalian cytosolic GSs. In the case of HisiS a Gln-to-His replacement could have occurred in any ancestral vertebrate GS ( fig. 5) , whereas in the case of Lyslg an Asn-to-Lys replacement in an ancestral protein similar to that now found in the rat would suffice. His and Lys are the only basic amino acids found in the putative targeting signal of chicken GS; this is unusual, in that Arg is almost universally the predominant basic amino acid found in other mitochondrial targeting sequences (von Heijne et al. 1989) .
At the N-terminus of chicken liver GS there are possibly two other replacements that may have been critical in converting it from a nontargeting to a targeting function. One is Alar2 . Although there is some controversy with respect to the a-helix-forming capacity of Ala (Kemp et al. 199 1) ) several experimental approaches suggest that it has a high propensity for this (Chakrabartty et al. 199 1; Daggett et al. 199 1; Padmanabhan and Baldwin 1991) . The presence of Alar2 in the chicken enzyme may therefore serve to convert the first 20 or so amino acids to the a-helical configuration necessary for targeting ( fig. 6 ). The other possibly important replacement is Serlo. All cytosolic mammalian GSs have an Asn at this position. Whether this replacement is critical for a targeting function in the chicken enzyme is not known, but, in the signal peptide of the OmpA secretory protein, the replacement of Iles by an Asn renders it incapable of penetrating the hydrophobic core of membrane lipid bilayers (Goldstein et al. 199 1; Hoyt and Gierasch 199 1) .
Tissue-specific Targeting of Chicken GS Chicken brain GS occurs in the cytosolic compartment , so we compared the sequences of the liver and brain enzymes, especially their N-termini. Direct sequencing of brain GS mRNA by using AMV reverse transcriptase as described in Material and Methods indicated that the first 36 N-terminal amino acids of the brain enzyme are identical to those of the liver despite its cytosolic localization. There is indirect evidence for a cytosolic localization of GS in the chicken neural retina (Soh and Sakar 1978 ) , and the amino acid sequence derived from retinal GS cDNA as well as from the avian GS gene itself (Pu and Young 1989) indicates that the complete sequence of cytosolic GS in neural tissue of the chicken is identical to that of mitochondrial GS in liver. This therefore raises the question of the mechanism responsible for the tissue-specific compartmentation of GS in birds. Heretofore, the information for differential compartmentation of isozymes has been known to be contained in the primary sequences of their mRNA translation products. In the case of mitochondrial versus cytosolic isozymes-such as aspartate aminotransferase (Christen et al. 1985 ) , phosphoenolpyruvate carboxykinase (Hod et al. 1982) ) and malate dehydrogenase (Joh et al. 1987) , which are coded by separate genes-differential compartmentation requires the differential expression of either the gene that codes for the targeting signal or that which does not, and this expression may be tissue specific (Kelly et al. 1989 ). The mitochondrial form of these three enzymes is targeted by a transient, N-terminal presequence. However, differential gene expression is also used for enzymes such as adenylate kinase, the mitochondrial isozyme of which has an internal targeting signal (see Suminami et al. 1988) . Even in cases where the two compartmental isozymes are coded by a single gene, there are mechanisms for generating translation products with or without the mitochondrial targeting signal (Surguchov 1987) . This may be via the use of different transcriptional initiation sites to generate separate mRNAs (Tropschug et al. 1988) or, possibly, via the use of alternative translation start sites from the same mRNA (Suzuki et al. 1989) . No other consensus initiation sites exist 5 ' of the designated start site for chicken GS (Pu and Young 1989;  fig. 3 ) , which would appear to eliminate an mRNA coding for a mitochondrial targeting signal too small to be detected by the methods used. The differential compartmentation of chicken GS would thus appear to be due to a tissue-specific factor(s) rather than to the presence or absence of a targeting signal in the mRNA translation product. Conclusions 1. A comparison of the derived amino acid sequence of chicken liver mitochondrial GS with the sequences of four mammalian liver cytosolic GSs has revealed 87%-90% conservation of structure despite the differential compartmentation of the enzymes and the long time since the divergence of birds and mammals.
2. The N-terminus of higher-vertebrate GS is one of its more variable regions, and a comparison and analysis of the first 20 N-terminal amino acids of the chicken enzyme indicates that these may serve as an internal mitochondrial targeting signal. This region contains several hydroxy and basic amino acids, does not contain an acidic amino acid, and can be predicted to form a strong amphipathic a-helix, all of which are properties shared by mitochondrial targeting sequences.
Avian GS Mitochondrial Targeting Signal 80 I 3. A comparison of the N-termini of mammalian liver GSs with the N-terminus of avian liver GS indicates that there may have been three main amino acid replacements responsible for converting the latter to a mitochondrial targeting signal. These would have been Alar*, HisIs, and Lyslg, all of which contribute to the amphipathic a-helix configuration of the N-terminus of the avian liver enzyme.
4. As shown previously by others and confirmed here, avian GS is coded by a single gene. An analysis of the first 36 amino acids of chicken brain GS indicated that they are identical to those of liver GS. The complete published sequence for the chicken retinal enzyme is also identical to that of chicken liver GS. The brain enzyme is known to be cytosolic, and there is evidence that this is also true for the retinal enzyme. Information for the differential compartmentation of GS in the chicken thus appears not to reside in the primary sequence of the mRNA translation products, as it does in all other compartmental isozymes. Other tissue-specific factors may therefore be responsible for the localization of avian GS to different cellular compartments.
